Ferroelectric/multiferroic self-assembled vertically aligned nanocomposites: Current and future status by Lee, OJ et al.
APL Mater. 9, 030904 (2021); https://doi.org/10.1063/5.0035366 9, 030904
© 2021 Author(s).
Ferroelectric/multiferroic self-assembled
vertically aligned nanocomposites: Current
and future status
Cite as: APL Mater. 9, 030904 (2021); https://doi.org/10.1063/5.0035366
Submitted: 28 October 2020 . Accepted: 28 January 2021 . Published Online: 10 March 2021
 Oon Jew Lee,  Shikhar Misra,  Haiyan Wang, and  J. L. MacManus-Driscoll
COLLECTIONS
Paper published as part of the special topic on 100 Years of Ferroelectricity - a Celebration
ARTICLES YOU MAY BE INTERESTED IN
A new era in ferroelectrics
APL Materials 8, 120902 (2020); https://doi.org/10.1063/5.0034914
Pyroelectric thin films—Past, present, and future
APL Materials 9, 010702 (2021); https://doi.org/10.1063/5.0035735
Strain-gradient effects in nanoscale-engineered magnetoelectric materials
APL Materials 9, 020903 (2021); https://doi.org/10.1063/5.0037421
APL Materials PERSPECTIVE scitation.org/journal/apm
Ferroelectric/multiferroic self-assembled
vertically aligned nanocomposites:
Current and future status
Cite as: APL Mater. 9, 030904 (2021); doi: 10.1063/5.0035366
Submitted: 28 October 2020 • Accepted: 28 January 2021 •
Published Online: 10 March 2021
Oon Jew Lee,1,a) Shikhar Misra,2 Haiyan Wang,2,3 and J. L. MacManus-Driscoll4
AFFILIATIONS
1 Faculty of Science and Marine Environment, Universiti Malaysia Terengganu, 21030 Kuala Nerus, Malaysia
2School of Materials Engineering, Purdue University, West Lafayette, Indiana 47907, USA
3School of Electrical and Computer Engineering, Purdue University, West Lafayette, Indiana 47907, USA
4Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Rd., Cambridge CB3 OFS,
United Kingdom
Note: This paper is part of the Special Topic on 100 Years of Ferroelectricity––A Celebration.
a)Author to whom correspondence should be addressed: oonjew@umt.edu.my
ABSTRACT
Even a century after the discovery of ferroelectricity, the quest for the novel multifunctionalities in ferroelectric and multiferroics continues
unbounded. Vertically aligned nanocomposites (VANs) offer a new avenue toward improved (multi)functionality, both for fundamental
understanding and for real-world applications. In these systems, vertical strain effects, interfaces, and defects serve as key driving forces to tune
properties in very positive ways. In this Perspective, the twists and turns in the development of ferroelectric/multiferroics oxide–oxide and
unconventional metal–oxide VANs are highlighted. In addition, the future trends and challenges to improve classic ferroelectric/multiferroic
VANs are presented, with emphasis on the enhanced functionalities offered by existing VANs, as well as those in emerging systems.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0035366
I. INTRODUCTION
Complex metal oxides offer a spectrum of tunable function-
alities, including ferroelectricity, ferromagnetism, magnetoelectric
(ME), superconductivity, ionic conductivity, dielectricity, and plas-
monic resonance.1–7 Incorporating complex metal oxides into ver-
tically aligned nanocomposite (VAN) thin films provides another
handle to tune properties in very positive ways. Improved func-
tionalities of these complex metal oxides are realized and coupling
between different functions in the composite films induces novel
multi-functionalities.8
Of all the aforementioned functionalities, the phenomenon of
ferroelectricity is of high topical interest. Ferroelectric materials
have constantly attracted scientific interest owing to their switch-
able spontaneous electric polarization by an electric field appli-
cation.9 Apart from spontaneous polarization switching, they also
exhibit piezoelectric, pyroelectric, dielectric, and electro-optic prop-
erties,10 and this is only the start. When ferroelectric research is
further extended to include magnetic coupling, hence producing
multiferroicity, this further degree of freedom is highly promis-
ing for yet more technological applications. Both ferroelectrics and
multiferroics have been widely investigated for countless appli-
cations such as supercapacitors, efficient energy harvesting and
storage, ultralow power logic-memory devices, high power elec-
tronic transducers, solid state electrocaloric cooling/heating devices,
microwave electronics, and non-volatile memories.5,11–13 As part
of the drive toward device miniaturization, the unique VAN
architecture has improved the existing functionalities in a trans-
formative way, beyond the state-of-the-art ferroelectrics such as
Pb1−xZrxTiO3.14
This article begins with a short overview of VANs (their pos-
sible structures and proven salient properties) and is followed by
the early works of ferroelectric/multiferroic VANs. Then, recent
advances of oxide–oxide and unconventional metal–oxide ferroelec-
tric/multiferroic VANs are highlighted. Finally, their future perspec-
tive and challenges are outlined.
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II. THE ANATOMY OF VANS
VANs are self-assembled nanostructures in which two immis-
cible phases grow epitaxially on the substrate. Fabrication of VANs
is made easy via physical thin film deposition methods. Both tem-
plated growth and spontaneous ordered growth can occur.6,8 The
former involves the utilization of templating methods such as
anodic aluminum oxide (AAO) templates,15 block copolymers,16
lithography,17 and focus ion beams.18,19 Spontaneous growth offers
synergistic advantages to control deposition precisely, minimize
defects, and overcome the complication of templated growth that
implies extra step of template removal.20 Hence, the spontaneous
growth is rather facile and low-cost and hence favorable for device
integration.
With proper selection, the host matrix nucleates and grows epi-
taxially on the crystallographically matched substrate. The host and
epiphyte phases are vertically coupled through an epitaxial relation-
ship or through domain matching epitaxy (DME).7 Figure 1 shows
that three dimensional (3D) VANs are comprised of diverse pat-
terns with tunable shape, size, and distribution. Their diversity is
reflected in various structures such as circular nanocolumn matrix,
facet nanocolumn matrix, nanomazes, and nanocheckerboard. In
the most typical configuration, one phase (the one closely struc-
turally matched with the substrate) forms the matrix phase, and
the other forms pseudo-1D nanopillars or nanodomains (such as
circular, rectangular, pyramidal, hexagonal, octagonal, and triangu-
lar shapes1,6,20) embedded in the matrix [Figs. 1(a) and 1(c)]. This
structure is referred to as the 1–3 configuration and is the most com-
monly used one. The growth origin of 1–3 configurations is driven
by the minimization of the total free energy that depends on ther-
modynamic epitaxial stability, growth kinetics, and phase ratio.1,8,21
According to phase field simulations,1 competing interfacial inter-
actions and elastic moduli that arise between matrix and embedded
phases, as well as the interaction of these phases with the substrate,
are vital. It is found that circular pillars with small diameters mini-
mize the surface energy. On the other hand, the elastic strain energy
is dominant in the case of faceted domain nanopillars.1 The phase
has a higher interfacial energy (lower wettability) on the substrate
such that it nucleates and grows into nanopillars. The other phase,
with a lower interfacial energy, undergoes layer-by-layer growth and
becomes the planar matrix.21 Beyond a critical thickness of ∼20 nm
(above which the role of the substrate is strongly diminished), the
stiffer phase in the film dominates the strain of softer phase.22
Depending on the epitaxial stability consideration, the role of
each phase as the matrix and pillar can be reversed when grown
on differently oriented substrates. For instance, the CoFe2O4 (CFO)
phase in BFO–CoFe2O4 (BFO–CFO) VANs evolves from faceted
pyramidal nanodomains and subsequently formed into nanomaze
structures on (001), (111), and (110) SrTiO3 (STO) substrates.20 In
addition, growth kinetics and phase ratios are the key factors in
tuning the feature size of nanodomains, phase segregation, and sto-
ichiometry of VANs.1,23 As a result, smaller nanodomains merge
into belt-shaped or T-shaped nanostructures, as observed in the
nanomaze morphology [Fig. 1(d)].21
On the contrary, nanocheckerboard VANs [Fig. 1(b)] originate
from highly ordered (pseudo-) spinodal decomposition growth.6,8
Again, the well-matched crystallography and sufficient growth
kinetics between the decomposing phases and substrate are prereq-
uisites for the formation of nanocheckerboards.20
Depending on the overall film thickness, VANs display higher
interface-to-volume ratio by up to two orders of magnitude22 as
compared to the conventional multilayer counterparts of the 2–2
configuration [Fig. 1(e)]. Unlike the lateral thin films, the strain
exerted by a substrate has inherent limitation owing to their crit-
ical film thickness of a few tens of nm. The 1D nanopillars in the
VANs, on the other hand, extend perpendicularly throughout the
entire thickness of the film, even up to the micrometer thickness.22,24
Furthermore, for thinner films (<30 nm), the in-plane (IP) and
FIG. 1. 3D schematic illustration of vertical aligned nanocomposites (1–3 type) that comprise two immiscible constituents grown simultaneously on a substrate with (a)
circular nanocolumn matrix, (b) nanocheckerboard (c) facet nanocolumn matrix, (d) nanomaze, and (e) conventional multilayer thin films (2–2 type).
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out-of-plane (OP) strain in the VAN can be tuned independently
via the separate lateral substrate and vertical pillar strain control
mechanisms.4 The high interface-to-volume ratio in addition to uni-
form strain control imparted by the fine dimensions of the struc-
ture22 enables unprecedented possibilities to improve the physical
properties of the VANs via strain-, interface-, and defect-control.
Vertical strain engineering, stemming from lattice mismatch and
elastic coupling, is critical to promote competing interactions among
spin, charge, orbital, and lattice degrees of freedom, polarization
domain, and magnetic moment.1,10 Subsequently, these competing
interactions are intimately coupled to ferroelectricity and multi-
ferroic properties. Furthermore, the vertical heterointerfaces and
defects (notably oxygen vacancies) in VANs also adversely affected
the polarization, magnetoelectric coupling strength, and dielectric
relaxation.1,25 Hence, a delicate balance between the VAN morphol-
ogy and the fundamental couplings is vital to expand the realm of
potential multifunctionalities in ferroelectrics and multiferroics, as
discussed in Sec. III.
III. OVERVIEW OF FERROELECTRIC/MULTIFERROICS
AND PROPERTY ENHANCEMENTS OFFERED BY VANS
Extensive research has been focused on oxide–oxide based
VAN thin films, with functionalities including ferromagnetic, ferro-
electric, multiferroic, dielectric, semiconducting, superconducting,
and nonlinear optical effects.11,24,26–35 An overview of the property
enhancements offered by VAN structures for tuning ferroelectrics
whether used alone or coupled with ferromagnets in artificial mag-
netoelectrics is shown in Fig. 2. The property enhancements offered
by ferroelectric VANs are shown, as well as the properties achieved
in artificial multiferroic VANs, which incorporate ferroelectrics. In
summary, by exploiting the enhanced property advantages offered
by VAN architectures, ferroelectric VANs with enhanced Curie
temperatures (Tcs),24,36 lower leakage,37,38 fine dimensions,6,8 and
higher polarization12,39 offer the prospect of higher density non-
volatile random-access memory. The increased Tcs, higher tem-
perature coefficient capacitance (TCC), and increased piezoelectric
coefficients12 offer the prospect of higher operation temperature
Pb-free piezoelectrics for energy harvesting, actuation, and energy
storage. In addition, the increased dielectric tunability without
increasing the loss at the same time [or high commutation qual-
ity factor (CQF)]13,36 offers the prospect of improved tunable
microwave filters. Both enhanced optical anisotropy responses in
terms of dielectric permittivity and polarization offer the prospect
of ultrasensitive and broadband optical sensors, signal processors,
and lasers.13,40,41
Multiferroics underpin the emergence of more than one pri-
mary ferroic order, including ferromagnetism, ferroelectric, fer-
roelastic, and ferrotoroidic in a phase but also not limited to
antiferromagnetism and magnetoelectricity.5 The coexistence of fer-
romagnetic and ferroelectric orders is pivotal to induce electric
polarization by an applied magnetic field or vice versa to medi-
ate the magnetization through the electric field. However, these
orders often exclude each other owing to their intrinsic electronic
structure. Ferroelectricity relies on transition metals with empty d
orbitals, whereas the magnetism involves partially filled d orbitals.
Single-phase multiferroic materials such as BiFeO3, TbMnO3, and
Cr2O3 are scarce in nature and do not offer large magnetoelectric
effects at room temperature.1,5 On the other hand, artificial mul-
tiferroics with moderate performance at room temperature can be
made by combining ferroelectric and ferromagnetic (magnetostric-
tive) phases in a VAN architecture. Artificial multiferroic VANs
offer exemplary characteristics with large magnetoelectric coeffi-
cients42 and spin-driven room temperature ferroelectricity,43 which
are of great interests for non-volatile memory and energy harvesters
with ultralow power (∼100 mV).5 The electric field induced ferro-
magnetic resonance characteristics44 are also beneficial for tunable
FIG. 2. Schematic representation of the main interactions (gray) that can take place in ferroelectric-based VAN systems leading to enhanced ferroelectric properties (red),
improved dielectric properties (yellow), novel artificial multiferroics and effects when combined with magnetic systems (blue), and improved properties general to all systems
(purple).
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radiofrequency (RF)/microwave magnetic devices and resonators
that rely on robust spontaneous polarization switching and tunable
ferromagnetic resonance.
IV. EARLY WORKS ON CLASSIC FERROELECTRIC
AND MULTIFERROIC VANS
There has been a considerable volume of work on ferroelec-
tric and multiferroic VAN over the past 15 years. The earliest
work on ferroelectric VAN focused on the classic ferroelectric,
BaTiO3–Sm2O3 (BTO–SmO). The stiffer SmO nanopillars exerted
a >2% vertical tensile strain on the BTO phase, forcing the tetrag-
onal structure of BTO to be maintained at a high temperature
(up to 800 ○C).24 This also opened a path for the BTO–SmO VANs
to work as piezoactuators, as an increased longitudinal piezoelec-
tric coefficient (d33) of 45 pm V−1–50 pm V−1 was achieved up to
250 ○C.12 Additionally, owing to the unusual strain states induced
in the BTO, a high transverse piezoelectric coefficient (d31) was
achieved,12 outperforming the state-of-the-art Pb1–xZrxTiO3 films
at > 200 pm V−1 (as tabulated in Table I). The leakage current of
the BTO–SmO VANs was reduced by a factor of 15 because of the
formation of highly crystalline BTO in the composite.24 Li et al.
suggested that both vertical strain and interfaces have active roles to
trap oxygen vacancies (defects), which suppress the carrier mobility
and trigger a trap-controlled space-charge-limited current (SCLC)
mechanism in the BTO–SmO films.25
Similar enhancements in Tc from 130 ○C to 616 ○C and d33
of ∼80 pmV−1 were observed in more recent studies on (111)-
oriented BTO–SmO VANs that were grown on 0.5 wt. % Nb-
doped (111) SrTiO3 substrates.45 The origin of enhanced ferro-
electric and piezoelectric properties lies in the presence of unusual
strain states also known as the auxetic-like effect. Such an auxetic-
like effect is achieved because there is IP and OP expansion
of the BTO matrix once the stiff SmO nanopillars shrink upon
cooling.8 Ba0.6Sr0.4TiO3–Sm2O3 (BSTO–SmO) VANs also agree
with the earlier BTO–SmO work that vertical strain induces
strong enhancements of Tc and dielectric tunability, which scale
inversely with the dielectric loss and leakage current. BaTiO3–CeO2
(BTO–CeO) VANs also show the similar behavior whereby both
Tc and remnant polarization (Pr) are enhanced. Khatkhatay et al.
reported a slightly enhanced Tc of 175 ○C and saturation polariza-
tion (Ps) of 29 μC cm−2 in BTO–CeO2, demonstrating a precise
vertical strain tuning (tensile strain of 0.6%) by the CeO2 nanopillar
phase.46
TABLE I. Classic oxide–oxide ferroelectric and multiferroic VANs that have been developed.






● Increase Tc up to 800 ○C
12,24●Increase d33 of 45–50 pmV
−1 up to 250 ○C
● d31 exceeds PZT films at 200 pm V−1
● Reduce leakage current to 2.2 × 10−7 A cm−2
Ba0.6Sr0.4TiO3–Sm2O3/SRO/STO (100) ● High tunability (75%) scales inversely with dielectric
loss (0.01) 13
BaTiO3–CeO2/SRO/STO (100) ● Increase Tc up to 175 ○C and 150 ○C 46
BaTiO3–CeO2/SrRuO3/sto???n/Si ● Increase in remnant polarization up to 29 μC cm−2






● Achieved Ps of 23 μC cm−2
47,57● Obtained d33 of 50 pm V−1
● Direct coupling between BTO and CFO
Nanocheckerboard
BiFeO3–Sm2O3/Nb–STO (100)
● Reduced leakage current density of three orders of
magnitude lower 37,38
● Reduced the dielectric loss to 0.016
BiFeO3–Eu2O3/SRO/STO (100)





● Sharp 180○ PFM domain switching in the BFO matrix
with multiple wring–rewriting poling 35,42
● ME coefficient of 20 mV cm−1 Oe−1 measured by a
magnetic cantilever method
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Looking now into the early works of the classic multiferroic
VANs, Zheng et al. pioneered the fabrication of BaTiO3–CoFe2O4
(BTO–CFO) VANs and demonstrated the cross-control of ferro-
electrics and magnetism from BTO perovskite and CFO spinel,
respectively.47 The elastic interaction of BTO and CFO at the vertical
epitaxial interfaces facilitated a strong coupling between the elec-
trical polarization and magnetic order, leading to magnetoelectric
properties. Motivated by the promising magnetoelectric coupling of
this classic multiferroic BTO–CFO system, a vast number of clas-
sic multiferroic VANs such as PbTiO3–CoFe2O4, BiFeO3–CoFe2O4,
BiFeO3–Sm2O3, BiFeO3–Eu2O3, and BiFeO3–BaZrO3 have been
widely studied ever since.37,38,48–50 The remarkable functionalities of
some of the multiferroic VAN systems are tabulated in Table I.
V. HIGHLIGHTS OF RECENT WORK ON OXIDE–OXIDE
FERROELECTRIC VANS
A. Strain-, interface-, and defect-driven ferroelectric
related functionalities
Dynamic polarization in the classic ferroelectric VAN has not
been widely studied. However, dynamic polarization (polarization
retention) has been studied in BSTO–SmO VAN films.39 The ulti-
mate aim of high polarization retention (either thermal or tempo-
ral) is to achieve infinite switching without degradation. However,
polarization retention is limited by depolarization, inhomogeneous
field distributions, defects and thermal depolarization, or back-
switching of the poled state.51,52 Figure 3(a) shows enhanced thermal
polarization retention, R(T), of BSTO–SmO VAN films as the SmO
fraction, x, is increased. Such a phenomenon aligns with the man-
ifestation of a high density of vertical interfaces (TbIn.−2) between
the BSTO nanopillars and SmO matrix.39 These vertical interfaces
not only act as surfaces for ferroelectric domains to nucleate but
also act as domain pinning centers. This is distinctive because the
domain motion can be confined and, simultaneously, the polariza-
tions are retained for multiple switching cycles at elevated tempera-
tures. Apart from dynamic polarization, a high Pr of 12.1 μC cm−2
(3× greater than that of the standard BSTO films) and d33 of 88.1
pm V−1–81.4 pm V−1 up to 120 ○C were achieved in the BSTO–SmO
VANs.
In terms of recent Tc enhancements and strain control
effects, this has been effectively demonstrated in SrTiO3–Sm2O3
(STO–SmO) with Tc raised to >300 ○C, the highest ever reported
for Tc in STO [Fig. 3(b)].36 In addition, in this system, a trade-off
between dielectric tunability and loss is mitigated. A high dielectric
tunability (49%) and low tangent loss (≤0.01) were achieved. This is
desirable for impedance in high-power phase shifters and accelera-
tors. The highest CQF reported (>2800), this factor integrating tun-
ability and loss as a figure-of-merit, was reported in these STO–SmO
VANs.
FIG. 3. BSTO–SmO, STO–SmO and STO–MgO VANs and their ferroelectric and dielectric properties. (a) Temperature dependence of polarization retentions of the
BSTO–SmO VANs with different SmO fractions, x. Reproduced with permission from Lee et al., Adv. Mater. Interfaces 4(15), 1700336 (2017). Copyright 2017 WILEY-VCH.39
(b) Temperature dependence of relative permittivity of the STO–SmO VAN at different frequencies, demonstrating an increment of Tc up to 305 ○C. Reproduced with per-
mission from Sangle et al., Nanoscale 10(7), 3460 (2018). Copyright 2018 The Royal Society of Chemistry.36 (c) PFM image, (d) polarization switching mapping, and (e)
piezo-response at locations A, B, and C of the STO–MgO VAN with scale bars of 200 nm. The existence of ferroelectricity in the STO–MgO VAN is consistent with (f)
out-of-plane strain, εzz , distribution and polarization Pz obtained from phase field modeling. Reproduced with permission from Enriquez et al., Nanoscale 12(35), 18193
(2020). Copyright 2020 The Royal Society of Chemistry.53
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Furthermore, to the STO–SmO VANs mentioned above, more
recent work on SrTiO3–MgO (STO–MgO) VANs53 has shown room
temperature ferroelectricity. Phase field modeling was performed
to predict strain induced ferroelectricity in STO–MgO theoreti-
cally, followed by local in situ characterizations via piezoresponse
force microscopy (PFM). Figures 3(c)–3(f) show the signature fer-
roelectricity of STO–MgO, also cross-checked by piezoresponse
force microscopy (PFM), which shows the spatial resolution and
functional ferroelectric response. Inhomogeneous polarization of
the STO–MgO films stemming from a strain induced ferroelectric
STO fraction and non-ferroelectric MgO nanopillars was resolved
via polarization switching mapping, local hysteresis piezo-response
loops at A, B, and C sites, and phase field modeling. Optical second
harmonic generation (SHG) also provided the perfect complement




Recently, the popular multiferroic VAN system, BTO–CFO,
has been revisited by Chen et al.54 Figures 4(a) and 4(b) show
the PFM amplitude mapping of non-ferroelectric CFO nanopillars
(blue dots) embedded in a polarized BTO matrix (red area) and
the discrepancy between the butterfly loops under zero and 2 kOe
in-plane applied magnetic fields, indicating the presence of direct
ME coupling or magnetic field control of ferroelectricity. The result-
ing direct ME coefficient of 390 mVcm−1Oe−1 at 8 kOe is higher
than others (10 mVcm−1Oe−1–100 mVcm−1Oe−1). The work cor-
roborates and expands on what Zavaliche et al. reported earlier,
i.e., electric field induced magnetization reversal via magnetic force
microscopy (MFM) in the BFO–CFO VANs.55
We now turn to a new room temperature multiferroic
VAN comprised of ordered ferrimagnetic spinel α-LiFe5O8 (LFO)
nanopillars in a matrix of ferroelectric perovskite BiFeO3 (BFO).56
As shown in Figs. 4(c)–4(e), the coexistence of ferroelectric polar-
ization and magnetic order can be observed and compared via PFM
phase poling, local PFM, and MFM images acquired at the same
area. Both characterizations were carried out at room temperature.
As we focus on the LFO nanopillars, their piezophase response
is suppressed and, conversely, the magnetic response is enhanced.
Apart from PFM and MFM, the magnetic switching induced
by electric poling can be identified by x-ray magnetic circular
dichroism (XMCD) as evidenced in the BFO–CFO and BTO–CFO
systems.57,58
A key challenge to multiferroic VANs is the relatively high elec-
trical conductivity in these systems arising from some conduction of
the ferromagnetic (or ferrimagnetic) nanopillars, as well as the leaky
ferroelectric matrix. Leakage can also arise from the vertical inter-
faces in the VAN films. Reduced leakage current density has been
reported in both multiferroic VANs (BFO–CFO and BFO–EuO)
and non-multiferroic VANs (BFO–SmO and BFO–BZO, as tab-
ulated in Table I). The leakage current density of BFO–SmO
VANs was reduced by three orders of magnitude in comparison
with as-deposited pure BFO films.37,38 Oxygen vacancies at the
vertical interface, serving as donors, were believed to contribute
mainly to the leakage reduction. Furthermore, tuning of vertical
interface conduction has been described in the BFO–CFO VANs.
Hsieh et al. reported a pathway to control local conduction due
to oxygen vacancies at the BFO/CFO interface by a combina-
tion of conductive atomic force microscopy (c-AFM), PFM, and
Kelvin force microscopy (KFM).50 The local conduction was con-
trollable by applying negative and positive tip biases on the as-grown
BFO–CFO VANs (down polarization) once the BFO matrix was
FIG. 4. Ferroelectricity–ferromagnetism coupling in the
BTO–CFO and BFO–LFO VANs grown STO (100) sub-
strates. (a) PFM amplitude mapping of the BTO–CFO VAN
at a 2 kOe magnetic field and (b) amplitude–voltage butter-
fly loop of BTO–CFO VAN before and after the application
of an external magnetic field of 2 kOe. Reproduced with per-
mission from Chen et al., Adv. Sci. 6(19), 1901000 (2019).
Copyright 2019 WILEY-VCH.54 (c) PFM phase image taken
after poling the BFO–LFO film using ±6 V. (d) Local PFM
and (e) MFM acquired at the same area indicate the coexis-
tence of ferroelectric and ferromagnetic whereby the piezo
phase response of LFO nanopillars is suppressed and their
magnetic response is enhanced, respectively. Reproduced
with permission from Sharma et al., Adv. Funct. Mater.
30(3), 1906849 (2020). Copyright 2020 WILEY-VCH.56
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pooled. Figure 5(a) illustrates that the positively charged oxygen
vacancies (yellow dots) are attracted by the negative tip bias and
accumulated on the top surface, thus suppressing the vertical con-
duction. After switching the polarization to upward [Fig. 5(b)], the
conductive vertical interface diminishes as evidenced by the KFM
image with a negative surface potential.
In parallel to the control of vertical conduction in BFO–CFO
VANs, intriguing topological domain switching dynamics of BFO
nanodomains has attracted broad attention.59,60 Figure 5(c) shows
the reconstructed polarization vector mapping of a BFO nan-
odomain from the PFM piezoresponse signal components using a
MATLAB program. The BFO nanodomain exhibits a polarization
configuration, which consists of stripe domains and convergent and
divergent domain structures. Tian et al. found that the convergent
and divergent domains were likely driven by the inhomogeneous
strains exerted by vertical interface and substrate.60 As a result,
these inhomogeneous strains generate flexoelectric rotations and
influence the polarization direction.
Strong leakage reduction in multiferroic VANs was also
reported in the system Na0.5Bi0.5TiO3–CoFe2O4 (NBT–CFO). The
leakage was reduced by using the less leaky NBT ferroelectric and by
creating a current-blocking p–n junction between the NBT and one
of the electrodes. This system has enabled a strong converse (elec-
tric field control of magnetism) ME effect of 1.25 × 10−9 sm−1 to be
achieved at room temperature.61
Research on new multiferroic VANs has been expanded to
combine ferroelectric BaTiO3 with multiferroic YMnO3 (YMnO3
is antiferromagnetic and concurrently exhibits geometric-driven
ferroelectric) and ferrimagnetic yttrium iron garnet (YIG)
Y3Fe5O12.62,63 The combinations prove the possibility to diversify
the ME coupling for realizing RF/microwave devices with low
noise and energy consumption. In addition, the newly developed
BaTiO3–La0.7Sr0.3MnO3 (BTO–LSMO) VANs exhibit tunable
anisotropic optical bandgaps, unveiling their potential toward an
entirely new direction in non-linear optics.64
C. Spin-driven room temperature ferroelectric
in SmMnO3–(Bi,Sm)2O3
Type-II multiferroic materials have exquisitely coupled mag-
netic and ferroelectric orders via breaking of the inversion sym-
metry. However, no spontaneous room-temperature ferroic prop-
erties have been observed in the type-II multiferroics, orthorhombic
RMnO3, so far.65,66
Choi and co-workers incorporated stiff (Bi,Sm)2O3 nanopil-
lars in a SmMnO3 matrix, forming nanomaze VANs with clear
phase separation in the plan-view scanning transmission elec-
tron microscopy (STEM) high-angle annular dark-field (HAADF)
images [Figs. 6(a) and 6(b)].43 These (SmMnO3)0.5((Bi,Sm)2O3)0.5
(SMO–BSO) VANs demonstrated spin-driven ferroelectricity at
FIG. 5. Conduction modulation and domain switching in
the BFO–CFO VANs on (100) SrTiO3 and (110) LaAlO3
substrates, respectively. (a) Schematic diagram showing
that the local conduction due to oxygen vacancies at the
BFO/CFO interface is controllable by applying negative and
positive tip bias. The oxygen vacancies (yellow dots) are
attracted by the negative tip bias and accumulated on the
top surface of BFO. P represents the direction of ferroelec-
tric polarization. Reproduced with permission from Hsieh
et al., ACS Nano 7(10), 8627 (2013). Copyright 2013 Amer-
ican Chemical Society.50 As evidenced by (b) PFM, CAFM,
and KFM images: the out-of-plane phase orientation of BFO
matrix is initially downward and possesses a conductive
interface. Once the BFO is poled downward, the conduc-
tive vertical interphase as shown in the CAFM diminishes,
whereas the KFM image depicts negative surface poten-
tial. (c) The domain switching of BFO is reconstructed
by phase angle mapping, indicating (i) stripe domains,
(ii) center-convergent domains, and (iii) center-divergent
domains. Reproduced with permission from Tian et al.,
Adv. Electron. Mater. 5(7), 1900012 (2019). Copyright 2019
WILEY-VCH.60
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FIG. 6. SMO–BFO nanomaze VAN and room temperature and its intrinsic ferroelectricity. [(a) and (b)] Plan-view STEM-HAADF image of SMO–BFO VAN nanomaze
structure over a wide area. A regular pattern of laterally connected BSO pillars in an SMO matrix is observed. (c) Amplitude (circle and blue) and phase (square and red) of
the PFM signal as a function of bias voltage. The inset AFM image shows the surface morphology of the film. (d) PFM phase contrast after multiple ±5 V writing–rewritings
at room temperature. The phase contrast remains after 24 h. (e) PUND measurements with 9 V (E = 500 kV cm−1) for capturing both switching (∗) and non-switching
(̂) polarizations. The net switching polarization (2PR) is ∼3.9 μC cm−2. (f) Room temperature optical SHG signals, which indicate p-wave (red) and s-wave (blue) of the
second harmonic electric field with an incidence angle of 45○. Reproduced with permission from Choi et al., Nat. Commun. 11(1), 2207 (2020). Copyright 2020 Springer
Nature.43
room temperature with a large d33 of 6.7 pmV−1, 24 h remained
PFM polings at ±5 V, and net switching remnant polarization
(2Pr) of 3.9 μC cm−2 [Figs. 6(c)–6(e)]. A consistent result was
observed from the SHG polar plots, indicating a breaking of cen-
trosymmetry of SMO [Fig. 6(f)]. In addition, a clear ferromagnetic
behavior was observed together with an enhanced ferromagnetic
transition temperature (Tc) of 90 K and a saturation moment of
1.02 μBMn−1 (at 10 K). In contrast, bulk SmMnO3 exhibits a ground
state of paraelectricity with ferroelectric Tc < 40 K and A-type
antiferromagnetism with a Néel temperature (TN ) of 60 K. The rea-
son behind the Tc enhancement was the creation of large in-plane
compression and out-of-plane tensile strains (−3.6% and +4.9%,
respectively) exerted on the SMO, leading to the change in the
Mn–O bond angle and length. As proven by density functional the-
ory (DFT) calculations, the reduction of the Mn–O bond length
and the increase in the Mn–O–Mn bond angle are in good
agreement with the proposed mechanism of Mn–Mn exchange
interactions. These enhanced interactions explain the room
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temperature ferroelectric polarization and enhanced ferromag-
netism in the SMO–BSO VANs.
VI. FUTURE OUTLOOK
Self-assembled oxide-based VAN thin films offer an interest-
ing way toward achieving novel physical properties and functionality
coupling ranging from ferromagnetic, ferroelectric, superconduct-
ing, and nonlinear optical effects as discussed above. These prop-
erties arise via coupling between charge, orbital, spin, and lattice
degrees of freedom. However, due to the limited range of avail-
ability of structures in terms of crystallinity and morphology, a
greater design flexibility and a structural complexity along with ver-
satile growth techniques are needed for developing next generation
integrated photonic and electronic devices. This can be achieved
by several approaches such as designing VANs with unconven-
tional phases, substituting one of the oxide phases with a metallic
phase (oxide-metal nanocomposite), and fabricating self-assembled
supercell-based nanocomposites. Each of these approaches is dis-
cussed in more detail in Secs. VI A–C.
A. Unconventional VANs
VANs also provide a platform to couple unconventional
phases with vertical strain present along their interfaces to enhance
their properties. Figure 7 shows a VAN structure composed of
a new tetragonal tungsten bronze (TTB) phase, which is one of
the most promising classes of ferroelectric materials.67 The VAN
structure shows the presence of a new TTB phase of LiNb6Ba5Ti4O30
(LNBTO), with a secondary phase, LiTiO2 (LTO), that is present
as vertical nanopillars embedded in the LNBTO matrix. Figure 7(a)
presents the cross section STEM image showing the presence of a
typical VAN structure. The main phase is determined to be LNBTO,
while the darker contrast at the phase boundaries corresponds to
LTO. This is further confirmed by the plan view STEM image in
Fig. 7(b), showing a unique nanonecklace-like structure. Such an
interesting structure combines the new TTB phase with the VAN
design, resulting in enhanced multifunctional properties including
ferroelectricity, anisotropic dielectric function, and strong optical
nonlinearity.
Figure 7(c) shows the non-linear optical properties as measured
using the SHG as a function of the polarization angle of the inci-
dent beam. The enhanced SHG signal can be attributed to (1) highly
non-centrosymmetric crystal structure of the LNBTO phase and
(2) the interface between LNBTO and LTO. Furthermore, Fig. 7(d)
shows the ferroelectric hysteresis loop with low leakage, having Ps
of 26 μC cm−2 and Pr of 8.1 μC cm−2 for a coercive field (Ec)
of 74.6 kV cm−1, which are comparable or higher than those of
the constituent ferroelectric materials such as BTO or LNO. Such
FIG. 7. LiNb6Ba5Ti4O30 (LNBTO)–LiTiO2 (LTO) system. (a) Cross section and (b) plan-view STEM image of the LNBTO–LTO thin film nanocomposite showing the typical
VAN structure with the darker phase corresponding to LTO, being segregated at the phase boundaries. (c) SHG intensity vs incident polarization angle with output polarization
fixed at 0○ (P-out) and (d) polarization hysteresis loop. Reproduced with permission from Huang et al., ACS Appl. Mater. Interfaces 12(20), 23076 (2020). Copyright 2020
American Chemical Society.67
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unconventional VANs provide a new design pathway toward further
multifunctionality and its compatible use with Si-based photonic
devices.
B. Ferroelectric and multiferroic oxide–metal VANs
Recently, research has been focused on oxide–metal VAN
hybrid nanostructures due to their practical device applications,
which include aforementioned applications but in addition, opti-
cal metamaterials.40,68–73 One of the first metallic-oxide VANs has
been demonstrated by Vidal et al. in the Co–CeO2 system with
anisotropic magnetization having its easy axis along the OP direc-
tion.74 Little work has been done by other groups on metallic-oxide
VAN thereafter. However, in recent years, there have been numer-
ous works. Figure 8(a) shows recent work of a representative two-
phase Fe-BTO VAN with Fe nanopillars embedded within the BTO
matrix.75 Both the cross section and plan-view STEM images along
with the energy dispersive spectroscopy (EDS) elemental mapping
[Figs. 8(a1)–8(a3)] confirm the highly ordered growth of Fe nanopil-
lars with a diameter of ∼5 nm. Such an ordered structure can be
attributed to the effective strain compensation along the vertical and
lateral between the Fe and BTO matrix. The ferroelectric nature of
the composite is shown by the PFM phase and amplitude switching
curves in Fig. 8(a4). The presence of the Fe phase also contributes
to the anisotropic ferromagnetic properties, thus classifying it as an
artificial multiferroic material.
Greater design flexibility and structural complexity is required
to develop next generation integrated electronic devices. This can
be achieved through the three-phase nanocomposite design and
growth. Figure 8(b) shows such a self-assembled ordered three-
phase Au–BTO–ZnO nanocomposite, fabricated by depositing an
Au–BTO VAN template layer followed by the BTO–ZnO VAN.40
Both the cross section and plan-view STEM images along with the
EDS elemental mapping shows a mix of Au particles, capping the
ZnO nanowires, as well as Au pillars, embedded in the BTO matrix
along with the highly ordered growth of both ZnO and Au phases.
This unique “nanoman”-like structure is enabled by the combina-
tion of template-assisted Vapor Liquid Solid (VLS) and two-phase
epitaxy growth mechanisms. Besides the interesting nonlinear and
anisotropic optical properties, the three-phase nanocomposite is fer-
roelectric, which is confirmed by the PFM phase switching map,
with a d33 piezoelectric coefficient of 19.4 pm V−1 greater than the
two-phase BTO–ZnO VAN (∼10 pm V−1). Such multi-phase struc-
tures open new possibilities in design, growth, and engineering of
other systems toward increased control over light–electron–matter
interaction at the nanoscale.
C. Beyond VANs to self-assembled layered supercell
structures
While VANs have been vastly explored for ferroelectric and
multiferroic properties, there are also a new family of materi-
als with a self-assembled layered supercell (LSC) structure that
have room temperature multiferroic properties. These are of the
form of self-assembled superlattices, as shown in Fig. 9. Such lay-
ered materials have been shown to be formed from Aurivillius
FIG. 8. (a) Fe–BaTiO3 (BTO) system. (a1) Cross section STEM image and (a2) the corresponding EDS elemental map showing the Fe pillars embedded in the BTO matrix,
(a3) plan-view STEM image showing the distribution of Fe pillars, and (a4) phase and amplitude switching curves measured using PFM. Reproduced with permission from
Zhang et al., Mater. Today Nano 11, 100083 (2020). Copyright 2020 Elsevier Ltd.75 (b) Au–BaTiO3–ZnO ordered three phase nanocomposites. (b1) Cross section STEM
image and (a2) the corresponding EDS elemental map showing the ordered Au pillars and Au nanoparticles capping the ZnO nanowires in a unique “nanoman” structure,
(b3) plan-view STEM image showing the spatial ordered pillar distribution, and (b4) PFM phase switching map. Reproduced with permission from Misra et al., Adv. Mater.
31(7), 1806529 (2018). Copyright 2018 WILEY-VCH.40
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FIG. 9. (a) Bi2(AlMn)O6 (BAMO) layered supercell structure (LSC). (a1) Cross-sectional STEM image of the BAMO thin film deposited on STO (001) substrate. Inset shows
the SAED pattern, (a2) HR-STEM image showing the LSC structure with a three-atom-thick Bi-based slab and one single Al/Mn based layer, (a3) piezoelectric coefficient
d33 vs tip bias hysteresis loop at room temperature, and (a4) IP and OP magnetization hysteresis (M−H) loops of the BAMO LSC at 300 K. Reproduced with permission
from Li et al., Nano Lett. 17(11), 6575 (2017). Copyright 2017 American Chemical Society.32 (b) BiWO3–CoFeO3 (BWO–CFO) system. (b1) Cross section TEM image of
the BWO–CFO system showing the CFO nanocones embedded in the layered BWO matrix, (b2) atomic-scale high-resolution STEM image of the BWO–CFO interface,
(b3) amplitude and phase switching behavior of BWO–CFO, and (b4) IP and OP magnetization hysteresis loops of BWO–CFO and pure CFO at 300 K. Reproduced with
permission from Wang et al., Mater. Res. Lett. 7(10), 418 (2019). Copyright 2019 Taylor and Francis.78 (c) Bi3MoMTO9 (T = Fe, Mn, Co, and Ni) LSC system. (c1) Cross-
sectional TEM image and (c2) HR-TEM image of the Bi3MoFeO9 thin film, (c3) phase (blue) and amplitude (red) switching curves, and (c4) in-plane magnetic hysteresis
loops of BMoMTO films measured at 300 K. Reproduced with permission from Gao et al., Nanoscale 12, 5914 (2020). Copyright 2020 The Royal Society of Chemistry.77
and Ruddlesden–Popper phases, and these compositions have var-
ious applications in piezoelectricity, superconductivity, water split-
ting, and thermoelectricity. For ferroelectric and multiferroics,
Bi-based layered oxide structures have been widely explored, includ-
ing Bi2FeMnO6, Bi2AlMnO6, and Bi2NiMnO6. They show room
temperature multiferroicity arising from the coupling of ferroelec-
tricity from the lone-pair electrons of Bi cations and ferromag-
netism, which arises from the coupled Mn–M (M = Fe, Al, and Ni)
cations.27,31–33,76 Figure 9 shows three different such LSC structures,
namely, Bi2AlMnO6 (BAMO), Bi2WO6–CoFe2O4 (BWO–CFO),
and Bi3MoMO9 (M = Fe, Mn, Co, Ni; BMMO), along with their
multiferroic properties.32,77,78
Figures 9(a1)–9(c1) shows the STEM image of the three differ-
ent Bi-based LSC structures: BAMO, BWO–CFO, and BMFO hav-
ing lattice planes parallel to the substrate.32,77,78 All the films show
a highly epitaxial growth along the (00l) out-of-plane direction.
Figures 9(a2)–9(c2) shows the high-resolution STEM (HR-STEM)
images of the LSC structures. Interestingly, the BAMO structure
shows the supercell structure with three-atom-thick Bi-based slab
and one single Al/Mn based layer. BWO–CFO VANs presents a mix
of LSC and VAN structure with the CFO phase being embedded as
a “nanocone”-like structure in the layered BWO matrix. The BMFO
VANs shows a LSC with domain boundaries separating the Fe-rich
and Mo-rich domain, and the LSC structures show the presence of
the Aurivillius phase consisting of alternating Bi–O layers and M–O
layers.
Interestingly, all the LSC structures show a coupled ferroelectric
[Figs. 9(a3)–9(c3)] and ferromagnetic response [Figs. 9(a4)–9(c4)],
thereby characterizing them as multiferroics. All the films show
a well-defined ferroelectric hysteresis loop measured locally using
the PFM, while the ferromagnetic character is confirmed by the
M–H curves. The inherent anisotropy in LSC is confirmed by the
different IP and OP ferromagnetic response, which is attributed
to the presence of magnetic elements. More interestingly, most
of the LSC structures show a strong IP magnetic response pos-
sibly due to the easy IP magnetocrystalline axis for the layered
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structure. Therefore, by combining an Aurivillius phase with an
appropriate perovskite transition metal oxide, an alternative way
to explore new materials systems using LSC structures is pro-
vided. This gives further flexibility in VAN design and property
tuning.
VII. OUTLOOK
Regarding the future research directions, selected focus direc-
tions in the field of ferroelectric VANs are as follows: (1) Modulation
of defects such as oxygen vacancies by carefully controlling the depo-
sition parameters. Oxygen vacancy migration plays a very important
role in the tuning the conductance and changing the resistive char-
acteristics of the films, which are useful in practical applications such
as memristor and neuromorphic computing devices.79–81 Therefore,
it is critical to carefully control the oxygen vacancy concentration
by introducing dopants and changing the deposition conditions. (2)
Having a non-centrosymmetric structure, ferroelectric materials can
also be used in non-linear optical devices including applications such
as low-loss waveguides, wavelength conversion, and electro-optic
modulators.82,83 The use of VAN design provides further design flex-
ibility in terms of property and microstructure tuning by varying the
lateral and vertical strain state in the film. However, such photonic
device applications require uniform deposition over a larger area
than that can be achieved with pulsed laser deposition (PLD). There-
fore, alternate deposition techniques such as sputtering or chemical
vapor deposition (CVD) should be also be explored for VAN growth
for scaling up device fabrication. There is some progress in this
direction already.84,85 (3) Recently, various data science techniques
and machine learning (ML) models have been developed in the
field of text and data mining, molecular modeling and microscopy
image analysis for the accelerated materials discovery, data-driven
materials design, and gaining insights into the material synthesis
parameter.86–91 However, most of the ML tools developed are for
specific material systems and mostly for single phase materials with
challenges in the consideration of complex materials interfaces and
heterostructures.92–94 Therefore, similar techniques can be extended
toward the exploration of future VAN systems including the two-
phase and three-phase nanocomposites having interesting electrical,
magnetic, and optical applications.
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